This study was conducted to compare the gene expression profiles, afterEimeria maxima infection, between 2 B-complex congenic lines of Fayoumi chickens that display differences in disease resistance and innate immunity against avian coccidiosis using cDNA microarray. When compared with uninfected controls using a cutoff of >2.0-fold alteration (P < 0.05), M5.1 demonstrated altered expression of 1 (downregulated), 12 (6 up, 6 down), and 18 (5 up, 13 down) mRNA at 3, 4, and 5 d postinfection, respectively. In the M15.2 line, altered expression was observed in 6 (3 up, 3 down), 29 (11 up, 18 down), and 32 (8 up, 24 down) transcripts at the 3 time points, compared with uninfected controls. Comparison of the expression levels between M5.1 and M15.2 chickens after E. maxima infection revealed alterations in 32 (10 up, 22 down), 98 (43 up, 55 down), and 92 (33 up, 59 down) mRNA at the 3 time points. Functional analysis using gene ontology categorized the genes exhibiting the different expression patterns between 2 chicken lines into several gene ontology terms including immunity and defense. In summary, transcriptional profiles showed that more gene expression changes occurred with E. maxima infection in the M15.2 than the M5.1 line. The most gene expression differences between the 2 chicken lines were exhibited at d 4 and 5 after E. maxima infection. These results demonstrate that differential gene expression patterns associated with the host genetic difference in coccidiosis resistance provide insights into the host protective immune mechanisms and present a rational basis to target specific genes and gene products to bolster host defenses against avian coccidiosis. 
INTRODUCTION
Avian coccidiosis is caused by infection with protozoa belonging to the genus Eimeria and presents a significant concern to the poultry industry due to its detrimental influence on production efficiency affecting survivability, nutrient absorption, growth rate, and egg production of poultry (Lillehoj and Li, 2004; . Until now, disease control strategies against avian coccidiosis have mostly depended on prophylactic chemotherapy and vaccination, but both methods have serious drawbacks (Min et al., 2005) . Genetic selection for disease resistance and immune responses can lead to a reduction of drug use and risk of vaccination in commercial poultry production. However, information about the chicken immune system at the molecular level is very limited.
In recent years, the chicken EST database has reached such a level that analysis of the sequence data is feasible. There are now more than 580,000 chicken EST sequences from a wide variety of tissues and developmental stages publicly available (http://www.tigr. org/tdb/tgi/). Therefore, it is now possible to ascribe provisional identities and functions to genes on the basis of sequence comparison. High-throughput genomic analyses have suggested a path toward increasing identification of transcriptional regulations involved in the immune response . Large-scale gene expression profiles of host responses to infection could provide enormous information on the interactions between pathogens and the host immune system. The microarray technique is an appropriate tool for characterizing the biology of immunologic processes and immune-related diseases (van der Pouw Kraan et al., 2004) . In chicken, several microarray studies have been performed for the infectious diseases such as Marek's disease (Levy et al., 2005; Sarson et al., 2006; Heidari et al., 2008; Sarson et al., 2008) , West Nile virus (Groves et al., 2008) , Salmonella (van Hemert et al., 2006 (van Hemert et al., , 2007 , avian influenza virus Groves et al., 2008; Zaffuto et al., 2008) , avian infectious bronchitis virus (Dar et al., 2005) , and Eimeria species (Min et al., 2003) .
The Fayoumi breed, which originated in Egypt, was imported to the United States in 1954 primarily because of its reported resistance to the avian leukosis. Subsequently, it was shown to develop a robust protective response against Eimeria tenella (Pinard-Van Der Laan et al., 1998) . Derived from the original Fayoumi breed, the M5.1 and M15.2 congenic pair lines are highly inbred and genetically distant from broiler and Leghorn lines. They share an identical genetic background but differ in the haplotype on chromosome 16 carrying the MHC Lamont, 1999, 2003) . In a previous study, we compared the typical disease parameters of avian coccidiosis, BW gain and fecal oocyst shedding, and transcriptional expression of cytokine genes between the Fayoumi M5.1 and M15.2 lines after oral infection with Eimeria maxima oocysts. The results demonstrated that line M5.1 is more resistant against E. maxima than M15.2 and showed differential expression of immune-related cytokines between the 2 genetically disparate chicken lines after infection.
The present study was conducted to compare gene expression profiles between these 2 chicken congenic lines, which show a difference in disease resistance to coccidiosis, using our avian intestinal intraepithelial lymphocyte cDNA microarray (AVIELA; . The AVIELA is specific for mucosal transcriptional investigations including immune response and was constructed using an intraepithelial lymphocyte (IEL) cDNA library of Eimeria-infected chickens (Min et al., 2005) . Because IEL are the primary immune effector cells in the gut and play a critical role in eliciting protective immunity to enteric pathogens, the results contribute to comprehensive understanding of the innate immune responses in the chicken gut stimulated by E. maxima infection.
MATERIALS AND METHODS

Birds and Experimental Eimeria Infection
Chicks were bred and maintained in the Poultry Genetics Program at Iowa State University (Ames). All matings were carried out by artificial insemination to ensure pedigree accuracy and B-complex genotypes were confirmed by serological testing. Day-old chicks were air-shipped to the Animal and Natural Resources Institute. Chickens either remained uninfected or were orally inoculated at 4 wk of age with 1.0 × 10 4 sporulated oocysts/chicken of E. maxima. All experiments were approved by the Animal and Natural Resources Institute Institutional Animal Care and Use Committee.
RNA Extraction and Aminoallyl-Labeled RNA Preparation
After euthanization of the birds, jejunal intestines were taken from 5 birds in each infected or noninfected group at 0, 3, 4, and 5 d postinfection (dpi). Intestines were cut longitudinally and washed 3 times with icecold Hanks' balanced salt solution containing 100 U/ mL of penicillin and 100 mg/mL of streptomycin (Sigma, St. Louis, MO). The mucosal layer was carefully scraped using a surgical scalpel and IEL were isolated from the jejunum as described previously (Lee et al., 2007) . Total RNA was isolated from a constant number of IEL (5.0 × 10 7 ) using Trizol (Invitrogen, Carlsbad, CA) and purified using the RNeasy Mini RNA Purification Kit (Qiagen, Valencia, CA; Wu et al., 2004) . In preliminary experiments, we determined that equal cell numbers and equal amounts of total RNA were obtained per unit volume of gut mucosa (D. K. Kim, unpublished data).
The aminoallyl-labeled RNA from jejunum IEL from each group was prepared using the Amino Allyl Message Amp II aRNA Amplification Kit ('t Hoen et al., 2003) according to the protocol of the manufacturer (Ambion, Austin, TX). Briefly, first strand cDNA was prepared by reverse transcription from 2.0 μg of RNA using a modified oligo-dT primer containing a T7 RNA polymerase binding site on the 5′ end, followed by second strand cDNA synthesis. The double-stranded cDNA generated from first and second cDNA synthesis were transcribed to aminoallyl-labeled RNA using T7 RNA polymerase with aminoallyl-uridine triphosphate. Two 20-μg aliquots of each aminoallyl-RNA sample were fluorescently labeled with Alexa Fluor 555 or Alexa Fluor 647 (Invitrogen) according to the instructions of the manufacturer and labeled RNA were column-purified using the RNA Amplification Kit (Ambion; 't Hoen et al., 2003) . Concentration and labeling efficiencies of RNA were determined spectrophotometrically.
Microarray Hybridization
Both of the RNA, labeled with 2 different fluorescent dyes, from the noninfected control birds and the treated birds were hybridized to the AVIELA microarray. The AVIELA was constructed with 10,162 spot elements from the previously prepared IEL clones (Min et al., 2005 ) and the immune-related genes from lipopolysaccharide (LPS)-activated macrophage (HD11) cDNA library (Min et al., 2003) as well as the direct PCR clones of several cytokines and chemokines (Min et al., 2005) .
A total of 12 microarrays were used in this study. According to the reference design (McShane et al., 2003) with dye swap, 4 values were obtained for each time point (3, 4, and 5 dpi) in a chicken line, 2 on 1 slide and 2 on the dye-swapped slide because all elements are duplicated on the AVIELA. Each treatment group was normalized with the noninfected control of the same line. Two-color microarray hybridizations were performed using HybIt hybridization buffer (Telechem International, Sunnyvale, CA) in ArrayIt reaction cassettes (Telechem International) at 50°C overnight. After hybridization, the slides were rinsed in 0.5 × saline sodium citrate (SSC), 0.01% SDS at room temperature, and washed once for 15 min in 0.2 × SSC, 0.2% SDS at 50°C, 3 times for 1 min in 0.2 × SSC at room temperature, and 3 times for 1 min in distilled water at room temperature. Each sample had a repeated hybridization using the alternate fluorescent dye between the infected treatment and uninfected control.
Microarray Scanning and Image Analysis
Images were acquired by laser confocal scanning using a ScanArray Lite microarray analysis system (PerkinElmer, Boston, MA) at a resolution of 10 μm. A 16-bit TIFF image was generated for each channel (Alexa Fluor 555 and Alexa Fluor 647). The scanned microarray images for each channel were overlaid and quantified to determine the fluorescent intensities of the 2 dyes for each spot by using the ScanArray Express version 3.0 software (Perkin-Elmer). Spots were detected using an adaptive circle algorithm in the ScanArray program and all spots were visually confirmed.
Microarray Data Analysis
The MIDAS 2.19 software of the TM4 microarray analysis package (http://www.tigr.org) was used to qualify and normalize image analysis data. Briefly, each of median spot intensity (Alexa Fluor 555 or Alexa Fluor 647) was determined by subtracting the median local background from the median signal intensity values and then flag information was applied to filter out bad spots. Genes missing more than 50% of their values because of a bad signal or noise ratio were removed from further analysis. Two-step normalization was performed (Sioson et al., 2006) : total intensity and block locally weighted regression and smoothing scatter plots methods, followed by SD regularization of block and slide SD. Information on the microarray has been submitted into the Minimum Information About a Microarray Experiment online (http://www.mged.org/ Workgroups/MIAME/). The accession number for the array is A-MEXP-1487.
The qualified and normalized array data were inputted into GeneSpring GX 7.3 software (Silicon Genetics, Redwood, CA) for statistical and fold-change analyses. To generate signal ratio, signal channel values (infected group) were divided by control channel values (control group). The significantly differentially expressed genes were filtered using the Volcano Plot method (Jin et al., 2001 ) built by comparing a chicken line with itself or between 2 chicken lines at the same dpi. The modulated elements were defined by 2-fold differences and a Pvalue cutoff (P < 0.05) by parametric test. 
Bioinformatic Analysis
All sequence data files were obtained from National Center for Biotechnology Information (NCBI). The IEL cDNA elements used to create the IEL cDNA microarray were mapped to the chicken genome reference assembly (version 2.1) and reference RNA and protein sequences (formatted database for BLAST, May 2006) using NCBI BLAST (version 2.2.13). The criteria for the acceptance of BLAST search results were alignment length ≥100 nucleotides and e-value ≤1e −100 for DNA sequences and alignment length ≥30 amino acids and e-value ≤1e −10 for protein sequences. Entrez gene data and Homologene data (October 2007) from NCBI were used to gather gene information [identification number (ID), symbol, and name]. Gene Ontology (GO) annotations were extracted from gene to GO data in NCBI and 7,878 elements were annotated in a total of 10,162 spots on AVIELA. To analysis pathway information, chicken Entrez gene ID >2.0-fold differentially expressed between M5.1 and M15.2 were mapped to Homologene ID (locus link ID) for human because a large portion of these sequences have not defined their function in chicken yet. The mapped gene ID were used for analyses of pathway classification from the PANTHER database (http://www.pantherdb.org). Having annotation derived from orthologous human genes means that cross-species comparisons between chicken and human array data may be possible .
Quantitative Reverse Transcription-PCR
To confirm gene expression changes observed by microarray analysis, quantitative real-time PCR (QRT-PCR) was performed as described (Hong et al., 2006) . Equivalent amounts of same RNA samples used for microarray hybridizations were reverse-transcribed using the StrataScript first strand synthesis system (Stratagene, La Jolla, CA). Amplification and detection were carried out with the Mx3000P system and Brilliant SYBR Green QRT-PCR master mix (Stratagene). Standard curves were generated using base-10 logarithm-diluted standard RNA and levels of individual transcripts were normalized to those of glyceraldehyde 3-phosphate dehydrogenase by the Q-gene program (Muller et al., 2002) .
For the calculation of fold changes between control and treated group, the normalized cycle threshold values of target gene to glyceraldehyde 3-phosphate dehydrogenase were calibrated to the relevant control line values. Oligonucleotide primers for QRT-PCR are listed in Table 1 . Each analysis was performed in triplicate.
RESULTS
Gene Expression Profile Induced by E. maxima Infection
In this study, differential expression levels of transcripts caused by E. maxima infection in intestinal IEL of M5.1 and M15.2 line chickens were analyzed using AVIELA microarray.
When compared with uninfected controls and using a cutoff of >2.0-fold differential expression between infected and noninfected, M5.1 demonstrated altered expression of 1 (downregulated), 12 (6 up, 6 down), and 18 (5 up, 13 down) mRNA at 3, 4, and 5 dpi, respectively. In the case of the M15.2 line, altered expression was observed in 6 (3 up, 3 down), 29 (11 up, 18 down), and 32 (8 up, 24 down) transcripts at the 3 time points compared with uninfected controls ( Figure  1 ). The genes with differential expression after infection and identified with common gene names mapped using human gene ID are listed in Table 2 and 3. The numbers of the genes annotated among >2.0-fold altered ones are 1, 8, and 17 in M5.1 and 5, 24, and 22 in M15.2 at each times point, respectively.
Comparing birds of line M5.1 with M15.2 after E. maxima infection revealed differential expression in 32 (10 upregulated, 22 downregulated), 98 (43 up, 55 down), and 92 (33 up, 59 down) mRNA, using a cutoff of >2.0-fold at the 3 time points (Figure 2 ). The >2.0-fold altered genes between the 2 lines at 3 time points examined are shown in Table 4 , 5, and 6, respectively.
Gene Ontology Annotation and Bioinformatics Analysis
The elements that corresponded to human gene ID and that were differentially modulated >2.0-fold between lines M5.1 and M15.2 at any of the time points after E. maxima infection were distributed in the branch of biological process according to the GO index using the PANTHER databases (Mi et al., 2005) . In the branches of biological process, two of the largest parts were involved in the categories of protein metabolism and modification (14 up, 11 down), and nucleoside, nucleotide, and nucleic acid metabolism (9 up, 5 down) in both up-and downregulated genes in M5.1 compared with M15.2 ( Figure 3 ). Generally, a larger number of genes upregulated in M5.1 (M5.1 > M15.2) were classified in each GO index than downregulated genes (M5.1 < M15.2) except apoptosis and electron transport. In the 3 terms of GO, cell structure and motility (8 up, 1 down), intracellular protein traffic (5 up, 1 down), and signal transduction (12 up, 3 down), the considerable differences were shown between the number of up-(M5.1 > M15.2) and downregulated (M5.1 < M15.2) genes in M5.1. In the GO classification for the >2.0-fold altered genes between the M5.1 and M15.2 lines, 7 transcripts are grouping into the category of immunity and defense. Among those genes, 4 upregulated genes including growth factor receptor-bound protein 2 (GRB2), Table 3 . The differentially expressed genes identified using the correspondent identity name of human genes after Eimeria maxima infection in Fayoumi M15.2 line compared with uninfected controls (>2.0-fold changes) integrin β 5, protein phosphatase 3 catalytic subunit β isoform, peptidylprolyl isomerase F and 1 downregulated gene, DnaJ (Hsp40) homolog subfamily A member 1, are annotated with common gene names for human (Table 7) .
QRT-PCR
We selected 4 genes and followed the kinetics of their corresponding transcript levels after E. maxima infection. All of the genes selected showed alteration of expression with >2.0-fold change in the normalized data of AVIELA at more than one time point examined (P < 0.05). Three of those genes, apolipoprotein A-IV (APOA4); FYN oncogene related to SRC, FGR, YES (FYN); and neuroblastoma RAS viral oncogene homolog (NRAS), are involved in more than one specific pathway by the analysis using GeneSpring GX 7.3 software.
Expression of APOA4 was more repressed in M5.1 than M15.2 at 4 dpi of E. maxima, as measured by both AVIELA and QRT-PCR ( Figure 4A ). Pathway analysis indicated that APOA4 is related with the statin pathway. Statins are highly effective in lowering serum cholesterol concentrations and preventing ischemic heart disease (Pignone et al., 2000) . The expression of FYN transcripts was significantly downregulated in AVIELA data and RT-PCR analysis (P < 0.05) at 3 dpi in the M5.1 line. In contrast, it was upregulated in the M15.2 line ( Figure 4B ). The gene FYN is supposed to be involved in several interleukin signaling pathways, integrin signaling pathways, and immune cell receptor pathways. In our study, NRAS was markedly upregulated in M5.1 chickens at 4 dpi, measured by using microarray; however, its expression was only slightly increased as quantified by RT-PCR ( Figure 4C ). In the analysis using GeneSpring GX 7.3, the epidermal growth factor 1 signaling pathway and mitogen-activated protein ki- nase signaling pathway were searched as NRAS associated pathway. Both pathways play vital roles as important regulators in response to a diverse range of stimuli, such as cytokines, growth factors, neurotransmitters, cellular stress, and cell adherence during development, cellular proliferation, survival, and migration (Orton et al., 2005; Marks et al., 2007) . Finally, expression of CD36 was downregulated in the M15.2 line at 4 dpi using both AVIELA and real-time RT-PCR ( Figure 4D ).
DISCUSSION
We previously reported that 2 genetically disparate Fayoumi chicken lines, M5.1 and M15.2, show differences in susceptibility against avian coccidiosis . The MHC molecules play important roles in the regulation of the immune response by communicating among different cellular components of the immune system: T cells, B cells, and antigen-presenting cells (Lamont, 1998) . Because M5.1 and M15.2 are highly identical congenic lines except the chromosome including MHC, the differentially expressed genes after the E. maxima infection might be related with avian immunity. Accordingly, the current study was conducted to analyze the gene expression profiles induced by the infection of E. maxima oocysts in these 2 B-complex congenic chicken lines by cDNA microarray technique.
Avian intestinal IEL are fabricated with cDNA clones selected from a cDNA library of chicken intestinal IEL of Eimeria-infected chickens and LPS-stimulated macrophages (Min et al., 2003 (Min et al., , 2005 . Intraepithelial lymphocytes play an important role in protective immunity to avian coccidiosis (Lillehoj and Lillehoj, 2000) . Lipopolysaccharides, a component of bacteria membrane, provoke an endotoxic shock and induce a strong response in animal immune systems. It causes the secretion of proinflammatory cytokines by a receptor complex composed of LPS-binding protein CD14 and Toll-like receptor 4 in macrophages (Beutler, 2000) . Furthermore, there are the selected cytokines and chemokine genes from the direct PCR clones on AVIELA microarray. Therefore, AVIELA is a suitable tool for the host gene expression profiling of the interaction between host and parasite in the chicken gut.
In the current study, the number of genes with >2-fold changes in IEL was increased with time after Eimeria infection (Figure 1) . The altered gene number was larger in line M15.2 than in line M5.1 birds at any dpi and the latter line is more resistant compared with M15.2. The genes changed in transcriptional regulation are increased after the conditions of coccidiosis and the higher number of differentially expressed genes appeared in the more susceptible line. These data suggest that the greater pathology induces the higher gene expression changes. However, more functional approaches needed to clarify this assumption.
Comparing the expression patterns of transcripts between the 2 chicken lines, the number of altered genes was highest at 4 dpi, rather than 5 dpi (Figure 2 ). This suggests that the transcriptome conversion during the early stage of avian coccidiosis before 4 dpi is crucial for the resistance due to host innate immune system in the chicken gut. Similar results were observed by Min et al. (2003) . They monitored transcriptional changes between 1 and 4 d post primary infection with Eimeria oocysts in chicken IEL using a cDNA microarray containing 400 chicken genes and showed that the largest changes of transcript number occurred at 4 dpi of primary infection.
Quantitative real-time RT-PCR for the selected genes was performed to confirm the differential expression patterns that we found in AVIELA analysis between the 2 Fayoumi chicken lines. It has been found that APOA4 is an endogenous antiinflammatory protein (Vowinkel et al., 2004) and it shows impaired expression in inflammatory bowel disease mucosa, even in the noninflamed regions (Orso et al., 2007) . In mast cells, the absence of FYN and phosphatidylinositol 3-kinase, or the inhibition of p38 mitogen-activated protein kinase activity, demonstrated that they are essential for H 2 O 2 -driven interleukin-4 production (Frossi et al., 2007) . Mitogen-activated protein kinase activity is subject to regulation even in V-raf murine sarcoma viral oncogene homolog B1 (BRAF)/NRAS mutant melanoma cells (Edlundh-Rose et al., 2006) . It has been found that CD36 facilitates the uptake of specific lipid molecules and adheres to macromolecules with subsequent transduction of intracellular signals with relevance to inflammation, phagocytosis, and endocytosis (Husemann et al., 2002) . The APOA4, FYN, NRAS, and CD36 transcripts showed similar patterns when compared with microarray data in the transcriptional changes between 2 chicken lines, although the normalized values from microarray analysis and QRT-PCR are not perfectly correspondent. It might be caused from the differences of the normalization methods or the fluorescent dyes to detect gene expression between microarray and QRT-PCR, or both. The normalization method using the expression levels of the housekeeping gene is generally applied in QRT-PCR. However, it has been argued to not always be accurate as a negative comparison control (Lee et al., 2002) .
In a preliminary analysis, no differential gene expression between the noninfected controls of M5.1 and M15.2 hybridized to AVIELA appeared (D. K. Kim, unpublished data). The differential expressed elements in AVIELA after infection between 2 lines could be highly related with disease resistance, even though the number of genes that changed was narrow.
In the results, 7 differentially altered genes between 2 chicken lines were classified by GO terms of immunity and defense (Table 7) . Growth factor receptor-bound protein 2 is an adaptor protein involved in the formation of multiprotein complexes at receptors and adaptor proteins. In T cells, the SH2 domain of GRB2 activates T-cell receptor by binding with phosphorylated tyrosine on the adaptor protein linker of activated T cells (Samelson, 2002) and the GRB2 SH3 domains bring various ligands to the sites of active signaling (Koretzky, 1997). The cDNA sequence of chicken GRB2 was determined in 1993 (Wasenius et al., 1993) ; however, functional studies have not yet been performed. Integrin, β 5 plays a key role in the regulation of apoptosis of endothelial cells by binding with annexin V, which activates protein kinase C α 2 to stimulate apoptotic events (Cardo-Vila et al., 2003) and mediate phagocytosis of apoptotic cells . In protein phosphatase 3 catalytic subunit β isoform knockout mice, total peripheral T-cell numbers were significantly reduced and interleukin-2 production in response to phorbol 12-myristate 13-acetate/ionomycin and T-cell receptor cross-linking were defective (Bueno et al., 2002) . Lin and Lechleiter (2002) reported that peptidylprolyl isomerase F has a protective role against apoptosis that is mediated by one or more targets other than the adenine nucleotide translocator. The cytosolic chaperone pair of hsp70 and DnaJ (Hsp40) homolog subfamily A member 1 prevents NO-mediated apoptosis upstream of cytochrome c release from mitochondria (Gotoh et al., 2004) . Granzyme K triggers rapid cell death by rapid externalization of phosphatidylserine, nuclear morphological changes, and single-stranded DNA nicks (Zhao et al., 2007) . The enzyme encoded by interferon, γ-inducible protein 30, is a lysosomal thiol reductase that has an important role in MHC class IIrestricted antigen processing (Su et al., 2008) .
In conclusion, transcriptional profiling revealed differential expression of genes possessing various functional roles including immunity and defense between 2 B-complex disparate, genetically inbred, Fayoumi chicken lines after Eimeria infection.
Because of the similarity of genetic background of the lines, and their difference in coccidiosis susceptibility, some of the transcripts altered in this study may be associated with genes controlling coccidiosis disease resistance. Therefore, future studies based on these results will contribute to comprehensive understanding of the innate immune system in the chicken gut and facilitate the development of novel strategies targeting major protective immune pathways important in avian coccidiosis.
